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ABSTRACT 


In the recent past, considerable work has been done on ionic transport processes in 
solids. Especially, the effect of aliovalent dopants has been extensively studied to 
undcistand transport process and to evaluate transport parameters. In all these 
analysis, the mismatch in size between the dopant ion and the host ion which invariably 
exists, has been considered negligible and hence neglected. The conductivity of KCl 
doped with and KCl doped with Ba^^ with the same concentration of impurities at 
the same temperature is different which reveals that the difference could only be 
attributed to the size difference. 

Thus, in an attempt to study the effect of size difference between the host and dopant 
which is termed as “ wrong size” and also to obtain conductivity enhancement for 
material development for various applications, NaCl-LiCl binary system is chosen and 
studied. It has been found that the relative conductivity of NaCl + 70 m/o LiCl with 
respect to pure NaCl is ~ 4x10^ at 560°C. The mismatch factor defined by | (rj/rh) - I] 
is ~ 0.3 for this system, where rn is the ionic radius of the host ( Na^ ) which is equal to 
0.97 A° and r, as that of Lf which is equal to 0.68A°. 

Over all, eleven compositions were prepared and analyzed. Very good correlation can 
also be found with the phase diagram. Electrical characterization for all samples was 
done by complex impedance analysis and room temperature XRD for material 


characterization. 



Chapter- 1 in this thesis discusses the present problem and the techniques of different 
types of conductivity enhancement. Chapter-2 details the theory of ionic conduction in 
solids and mixed crystals Chapter-3 is devoted to experimental and characterization 
techniques employed. Finally Chapter-4 deals with results and discussion. 
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CHAPTER-1 


1.1 Introduction 

After Faraday propounded the laws of electrolysis, the need of ionic solids, 
where the charge transport occurs via movement of ions, for practical applications 
started brewing. Since 1967, a large number of such solids have been discovered and 
numerous applications found such as solid state batteries, fuel cells etc. The 
conductivity, which plays a dominant role for their applications in solid state devices 
paved a path to discover many ionic crystals. 

Tubant et al’ foimd high ionic conductivity in silver iodide. They discovered 
that the conductivity of Agl in solid state is almost the same as that in the liquid phase. 
For practical applications, silver based ionic conductors cannot be used because of 
their cost unless it is absolutely essential. 

The ionic conduction can be e3q)lained by the concept of lattice defect or 
interstitial ions proposed first by Joffe which provided the basis for the successive 
works of Frenkel and Schottky. An ideal ionic crystal firom crystallographic point of 
view is a non conductor. When an ion receives sufidcient energy, it may either jump 
into other lattice sites or it may be pushed into a near by void space originally not 
occupied by ions. The first case leads to the formation of Schottky defects and the 
latter Frenkel defect. These two types of defects are grouped under point defects. The 
Schottky defects are characterized, e.g., in alkali halides, by equal number of cation 
and anion vacancies. All silver halides exhibit Frenkel defects like AgCl, P-AgJ ( < 
147°C ). These defects are temperature dependent. Generally ionic solids exhibiting 
Frenkel defects are expected to show high conductivity. 



1.2. Types of Ionic Solids 


It is natural to classify the ionic solids according to the type of defect or 
disorder responsible for ionic transport These are principally of two types. 

a) Point defect type 

b) Molten sublatticc type 

In the point defect type solids , the transport is through Frenkel or Schottky defect 
pairs which are thermally generated. The activation energy is generally high, ~ leV or 
more. Point defect type solids can be further subdivided according to the defect 
concentration density as follows. 

c) Dilute : The defect concentration is very low. The number of mobile 

defects is ~ / cm^ or less. 

examples; AgCl, P-AgI, KCl etc. 

d) Concentrated ; These contain a large concentration of defects. The defect 
concentration is ~ 10^° / cm^ 

The ionic conductivity of a-Agl^^ is due to its unique structure. It has bcc 
structure in which T ions occupy eight comers as well as the body center of the unit 
cell. The two cations ( Ag' ) are distributed over 42 possible interstitial sites per unit 
cell. Thus the number of cation sites is far greater than the actual number of cations. 
This situation is referred to a average stmeture or molten sublattice 

Ionic solids can also be classified in to three types according to the 
magnitude of conductivities. 

e) Poor ionic conductors X a < lO"® cm'* ) 

example; Alkali halides 

f) Moderate ionic conductors ( lO"^ < a :S 10'^ H'* cm'* ) 



examples: AgBr, CaF 2 

g) Super ionic conductors ( o > 10'^ Q"' cm’* ) 
examples: a-AgI, RbAg^Is 

Superionic solids are termed “SoEd electrolytes” or “Fast ion conductors”. The ionic 
conductivity varies vastly with temperature and also from one solid to the other. The 
highest conductivity^ at room temperature obtained so far is 0.27 cm’* for RbAg 4 l 5 
whereas for normal ionic solids like NaCl, KCl etc., the room temperature conductivity 
~ 10’*^- 10’*® Q’* cm’*. 

The conductivity of any ionic solid is a product of two ejqx)nential 
frmetions as given below. 

a = n(T) p(T) e = A exp (- H / 2kT ) exp (- h / kT ) 
where n is the concentration and p the mobility of a particular type of defect, A is the 
pre-exponential term which includes charge of the conducting species, H and h are the 
formation and migration enthalpies respectively. The conductivity ( cr ) is also related to 
the diSusion constant D through the Nemst - Einstein relation 

<T = ne"D/kT 

where e is the charge of the conducting ioa 

It should be emphasized here that the conductivity ( a ) depends mainly on 
the defect concentration n(T) rather than on the mobility p(T). The mobility for all 
normal salts lies in the range lO’^-lO’* cm^ V’* s’*. 



Table 1 : Conductivity of some ionic crystals^®^ 


Material 

Conductivity 

cr ( cm'‘ ) 

at T„ °C 

Melting Temperature 

-T„(°C) 

LiCl (sc) 

9 X 10-^ 

606 ^ 

Lil (sc) 

5 X 10'^ 

45Z 

NaCl (sc) 

1 X 10'^ 

1 

800 

Nal (pc) 

2.1 X 10'^ 

661 

RbCl (sc) 

1.3 X 10'^ 

717 

CsCl(a) (sc) 

6.1 X 10'^ 

636 

Csl (sc) 

1.9 X 10'^ 

621 


sc - single crystal 
pc - poly crystal 

Solid electrolytes are of different types based on structure. 

1. Crystalline solid electrolytes. 

2. Amorphous solid electrolytes. 

3. Polymer solid electrolytes. 

4. Composite solid electrolytes. 

They can also be classified according to the type of charge carriers. 








1.3 Need for Efficient Solid Electrolytes 


Eventhough silver based solid electrolytes have high conductivity, from 
practical application point of view they can’t be used because they are not cost 
effective. So there is need for search of materials which are economical and easily 
available These materials may not exhibit a high conductivity e.g., alkali halides, but it 
is always possible to enhance their conductivity. There are several possible techniques 
which can be employed for this purpose. 

a) Dispersion of fine insulating particles like AI 2 O 3 , Si 02 etc. 

b) Aliovalent doping 

c) Homovalent doping 

Liang’ discovered that the dispersion of fine insulating alumina particles in 
Lil enhances the Li' ion conductivity considerably. Following this work considerable 
progress has been made®’® in this field. The conductivity enhancement in such 
composites according to Jow and Wagner^® is because of the formation of space 
charge layer. In the bulk of the crystal, an individual component of a defect pair cannot 
be created without simultaneously creating the other charge compensating component. 
However, it could be formed separately at the heterogeneity such as free surfaces and 
matrix - particle interfaces. Their model could predict the conductivity enhancement 
with the size of the dispersoid ( inversely related ) but fails to predict the composition 
corresponding to the maximum conductivity. 

1.3.1 Aliovalent doping 

An impurity ion whose valency is different from that of the corresponding 
host ion is referred to as aliovalent ion. Thus when alkali halides are doped with 



divalent cations or anions, from charge neutrality principle, the excess defects of 
compensating type will be generated leading to increase in conductivity. 

1.3.2 llomovalcnt dopinu 

Substitution of ions having the same valency as the corresponding host ion 
also has a tremendous effect on conductivity. The enhancement in conductivity 
depends on the concentration and the relative size of the dopants. There always exists 
a size difference between the dopant and the host and larger the mismatch factor, 6 = j 
( r, / ru) - 1 I, where r, and rh are ionic radii of the impurity ( dopant ) and the host ions 
respectively, higher is the enhancement in conductivity. 

The conductivity of LiIo. 75 Bro .25 was found to be ~ 5 x 10"’ H'^cm"^ at 
293'’K, which is higher than the pure components ( Table 2 ) at the same temperature. 
Apart from the conductivity enhancement, the homovalent dopants ( Table 2 ) are 
found to decrease the transition temperature as observed by Shahi and Wagner in PAgI 
- AgBr mixed crystals. The same effect was observed by Ihara et al ( Table 2 ) in Agli- 
xClx ( 0 < X < 0.1 ) in the temperature range 60 - 200®C. The effect of Cf ions is more 
pronounced than that of Bf ions because of larger mismatch in case of the former. For 
various other mixed crystals studied so far, the conductivity enhancement is shown in 
Table 2. An inspection of this data vrill reveal the fact that for a particular composition 
of dopant, the conductivity attains a maximum value. This is consistent "vvith the phase 
dbgiam which cxibits a minimum for that composition, implying the maximum 
possibility of increment in defect concentration at any temperature. 



The electrical conductivity ( Ox ) and the relative conductivity ( a* / ao, ao 
being the conductivity of pure component ) at a fixed temperature T ( “C ) of some 
selected mixed crystals. 


Mixed crystals 

Conductivity 

Ox ( O'* cm'*) 

CTx/cro 

KCl + 70 m/o RbCl " 

5.5 X 10'* 

5 

KBr + 50 m/o KI 

2.9 X 10-^ 

63 

LiBr + 40 m/o Lil 

1.8 X 10-^ 

34 

NaCl + 47 m/o NaBr 

8.0 X 10'^ 

10 

CsCl + 70m/oTlCl^^ 

5.6 X 10'^ 

lx\& 

Agl + 4 m/o AgBr 

4.3 X 10*^ 

16 

AgBr + 30 m/o Agl 

6.5 X 10-^ 

77 

Agl + 10 m/o AgCl 

7.9 X 10*’ 

125 

LiBr + 75 m/o Lil*® 

5.0 X 10'^ 

80 

Ka + 50m/oNaCl^® 

8.0 X 10"^ 

80 

KBr+70m/oNaI^* 

2.5 X 10"* 

500 


Temperature 

Cc) 

660 

500 

385 

393 

387 

25 

25 

25 

25 

500 

500 








A semi qu^titative model, viz., lattice loosening model^^, explains the 
transport properties in mixed crystals. Since the host and the dopant ions have the 
same valence, classical doping concept cannot be used to explain the observed 
enhancement in a. Shahi and Wagner^’ have argued that both the concentration and 
mobility of the defects affect the enhancement in conductivity. According to the lattice 
loosening model, the substitution of the homovalent ions which are either larger or 
smaller than the host ions, usually leads to a decrease in the melting temperature as 
supported by phase diagrams and hence in formation and migration energies of the 
defects. 

The role of wrong size ( mismatch factor, 5 ) can be further gauged from 
the following observations; The conductivity enhancement in KCl - KBr with a low 
mismatch factor of ~ 8 % is only by a factor of 2, whereas in CsCl - 70 m/o TlCl with 
a higher mismatch factor of 13 % , the enhancement in o is ~ 7 x 10'^ at 387®C, 
Hence it is desirable to study the effect of wrong size substitutions on the ionic 
transport in mixed ciystal systems. The substitution of too large or too small ions 
might cause the host ions around the dopant to readjust in order to allow the 
dissolution. Thus the elastic displacement so produced is likely to weaken the bonding 
between the atoms or cause lattice loosening. 

1.4. Motivation and Scope of present investigation 

Most of the known superionic solids arc silver based which are not cost 
effective. Therefore, it may be desirable to explore the possibility of enhancing the 
conductiviy of so called normal ionic solid so that they may be used as a substitute. 
With this motivation, one such alkali halide mixed crystal system namely NaCl > LiCl is 
chosen for the present work. Apart from this, this binary system exhibits both solid 




solution as well as two phase mixture region and the two alkali halides do not undergo 
any solid - solid phase transition. Thus the aim of the present work may be stated as 
below. 

1) To study the effect of homovalent dopant namely LiCl on the ionic transport 
properties of NaCl. 

2) To show the effect of wrong size of the dopant and the host ( size mismatch) on the 
conductivity. 

3) To show that the conductivity enhancement can be had at low temperatures itself 
because of precipitation of second phase particles during cooling cycle, and 

4) To test the validity of lattice loosening model developed for mixed crystals. 



CHAPTER- 2 


THEORETICAL ASPECTS 

Impurities play a dominant role especially in the electrical transit 
properties of solids. These are called structure sensitive properties. Ionic conductivity 
and diffusivity are structure sensitive properties. As pointed out in the previous 
Cliapter an ideal ionic crystal, horn crystallographic point of view, is an insulator. 
However in real crystals such as alkali halides, there are lattice points which are not 
actually occupied or atoms that are placed at sites which are not the regular lattice 
point ( e.g. AgCl ). The former is called vacancy and the latter an interstitial atom. 
These imperfections are called point defects or 2 ero dimensional defects to distinguish 
Uicrn from other types of defects such as dislocations and used to explain ionic 
transport processes in solids such as alkali halides. Therefore, an understanding of the 
concept of point defects is essential to explain ionic transport in alkali and silver 
halides. 

2.1 Schottkv defects 

During difilision and conduction, ions must move through the lattice by 
some j umping process. This is achieved by defect formation. When the vacancies are 
created by pushing the ions to external surfece(s), these are called Schottky vacancies. 
In monovalent salt like NaCl, equal number of cation and anion vacancies are formed 
to preserve electrical neutrality of the solid. The production of Schottky defects in 
alkali halides (MX) can be represented by the following reaction 

crystal (MX) <-> Vm+ V x 
where Kroger’s notation is used. 

Vm - vacancy at the cation site which has negative charge denoted by (') 



Vx - vacancy at the anion site denoted by ( . ) 

Thus the production of Schottky defects can be envisaged as the removal of 
a cation and an anion from the interior to the surface of the crystal, leaving a cation 
and an anion vacancy. This process requires energy and also allows an increase in 
configurational entropy. The configurational entropy is given by 

Scf = k log [( N+n)! / N! n!]^ (2.1) 

The term in square brackets represents the number of ways in which N positive ions 
and n positive ion vacancies may be distributed over a total of (N+n) sites. The same 
holds for the negative ion sites, hence the square. If the energy H+ required to produce 
a single positive ion vacancy which is different from the energy KL to produce a single 
negative ion vacancy, they would occur approximately in equal numbers in the interior 
of the crystal as pointed out earlier. It is obvious from this that their number will be 
determined only by the sum of the formation energies 

H = H+ + H. (2.2) 

The equilibrium condition requires the free energy H-TS to be minimum. The free 
energy of a fictitious perfect ciystal will be represented by 

Gp = Hp-TSp (2.3) 

where Hp incorporates the binding energy as well as the vibrational energy. The 
entropy is thermal entropy only because for a perfect crystal the configurational 
cnlropy vani.shcs. Let the actual ciystal contains n positive and n negative ion 
vacancies. Its configurational entropy is given by Eq.2.1. The free energy change 
between the actual crystal perfect crystal may thus be represented by 

AG = nH - T (Sa-Sp) - 2kT log[( N+n)!/ N!n!] (2.4) 



where S* is the thermal entropy of the actual crystal. Let us define the increase in 
thermal entropy ASa, resulting fi-om the production of a positive plus a negative ion 
vacancy by 

nASa, = Sa-Sp (2.5) 

when Sp = 0; ASih = Sa / n = S 
Thus Eq.2.4 can be written as 

AG = nH-nTS-2kTlog[(N + n)!/N! n! ] 

= n[H-TS]-2kTlog[(N + n)/N! n! ] 

= ng,-2kTlog[(N + n)/N!n!] (2.6) 

where gs represents the firee energy of formation of a single Schottky pair and is given 
by 

gs = H.-TSa (2.7) 

The subscript s represents Schottky defect. 

Appl 5 dng equilibrium condition (dAG / 5n)T = 0, we obtain for n « N 

n = N exp ( - gs / 2kT) (2.8) 

It is convenient to write ric for concentration of cation vacancies and n, for anion 
vacancies. From Eq. 2.7, one can write, 

nc = na = Nexp(Sy2k)exp(-Ha/2kT) (2.9) 

where H* is the enthalpy of formation of a Schottky defect and S« corresponding 
entropy of formation of the same. Equation (2.9) is often considered to be an 
expression of law of mass action, i.e., the product of the concentration of anion 
vacancies and of cation vacancies is a constant. 



2.2 Frenkel defects 


When a vacancy is created by pushing the atom in to the mterstitial site, 
such vacancy - interstitial pairs are called Frenkel defects. In MX type solids such as 
silver halides, the formation of Frenkel defect is expressed as 

I * 

crystal ■<-> Vm + M, 

Vm refers to the negatively charged vacancy at the cation site and Mi denotes the M 
ion ( cation ) with an effective positive charge denoted by the superscript located at an 
interstitial site. The expression for the concentration defects, neglecting thermal 
entropy changes 

n = (NNi)‘^exp ( - gf / 2kT ) (2.10) 

where N is the number of cations ( or anions ) under consideration and N, the number 
of possible mterstitial sites in the crystal and gf is the free energy of formation of a 
Frenkel defect pah. 

2.3 Mobility and Ionic conductivity 

The ion transport is governed by the jun^ probability of the mobile ion 
which is proportional to 

1) The probability for the ion to jump in to the defect in a given direction in unit time, 
which is the jump frequency (O. 

2) the probability that a given site has a defect on a nearest neighbor site. This is the 
mole fraction of defects multiplied by the number of nearest neighbour sites. 

The jump frequency depends on the potential barrier seen by the ions. Assuming 
Einstein model to be true and that the ions are vibrating harmonically around their 
equilibrium position with a vibrational frequency vq. Expression for the jun^ frequency 
for a point defect in ionic solids has been derived and it is given by. 



G)=Voexp(-gm/kT) (2.11) 

where is the free energy barrier that opposes the migration of the ion and is termed 


the free energy of migration g„, can be written as 

§m hm - TSm (2.12) 

where hm is the enthalpy of migration and Sm is the entropy of migration. Hence, 

<0 = Vo exp ( Sm/ k ) exp ( - hm / kT ) (2. 13) 

The above expression is for the thermodynamic equilibrium allowing an equal number 
of jumps in both directions. When an electric field is applied, the potential barrier is 
seen by an interstitial ion jumping from one position to the other. Therefore an 
additional term -qEx is added to the potential energy term where ‘q’ is assumed to be 
the charge on the interstitial ion. The subsequent saddle point energy keeps on 
decreasing by an amount qaE/2 (x=a/2, where ‘a’is the inter atomic distance). A jump 
in the field direction with a greater probability is given by 

co‘ = Vo exp [-( gm - qaE/2)/ kT] (2. 14) 

and a jump against the field direction takes place with reduced probability. 

(a = Vo exp [ "( gra + qaE/2)/kT] (2. 1 5) 

The net number of ions moving per unit volume in the direction of field 

n’ = n (®‘- (a) « noqaE / kT (2.16) 

assuming qaE « kT. Here ‘n’ is the number of interstitial ions per unit volume. Thus 
the current density ‘j’ ( amount of charges passing per unit area per unit time) is given 
by 

j=naVG)E/kT (2.17) 

The ionic conductivity is given by 

a = j / E = na^q^ffl / kT = nqjj. 



where the mobility jj. is given by 


H = aV/kT (2.18) 

In NaCl type solids the charge carrier has to jump a distance 2a in the field direction. 
Hence the mobility term will contain an additional factor 4. 

ti = 4aV/kT (2.19) 

The ionic conductivity of solids having rocksalt structure in which the dominant type 
of defects are cation and anion vacancies, 

o = q ( nc lOc + n, Pa) (2.20) 

substituting for nc, Pc and pa from (2.9), (2.18) one obtains the conductivity 

o = 4NqV/kT [ Vc exp ( SJ2k + s„,c/ k) exp ( -( Hy2 + h„,c)/ kT ) 

+ 4Nq\VkT [ Va exp ( S,/ 2k + s™./ k) exp (-( HJ2 + h„„.) / kT )] (2.21) 
where ‘q’ is the charge and the subscripts s, m, c and a refer to Schottky type, 
migration, cation vacancy and anion vacancy. The above equation can be simplified as 

oT = Ac exp ( - Eac/kT ) + Aa exp ( - Eaa/kT ) (2.22) 

where Eac = H*/ 2 + hn,c and Eaa= Hs/2 + hma 

the term ho, refers to the enthalpy of migration of defects. Entropy terms are included 
in the preexponential factor. 

Thus the conductivity equation becomes more complex when more than 
one type of defects participate in the conduction mechanism. But in reality, for most 
ionic solids specifically alkali halides, the contribution of one type of defect is more 
than the other which is often neglected. Thus equation ( 2.22 ) can be written in 
general as 


aT = Aexp(-Ea/kT) 


(2.23) 



Ea is known to be the over all activation energy comprising of half the enthalpy of 
formation and the enthalpy of migration of defects. 

2.4 Defect Concentration in Pure Ionic Crystals 

For the case of Schottky defects, if the mole fraction of positive and 
negative ion vacancies respectively be Xc and Xa and their respective numbers be nc and 
Ha, then 

ric = na = N exp ( - gs/ kT ) (2.24) 

XeXa = xo^ = exp ( - gs/ kT) = exp ( S,/ k) exp ( -H,/ kT) (2.25) 
where gs, Ss, Hs are the Gibbs free energy, entropy and enthalpy of formation 
respectively of a Schottky pair. N is the number of cation or anion sites. 

In the case of pure ciystal, the charge neutrality condition is written as 

Xc = Xa = Xo (2.26) 

2.4. 1 In Doped Crystal 

When an ionic crystal is doped with aliovalent impurity like Ca^'*’, excess of 
cation vacancies will be created to compensate for the charge difference. The charge 
neutrality condition demands that 

Xc = c + Xa (2.27) 

where c is the mole fraction of divalent cation impurity added. From (2.27), (2.24)and 
(2.25) one can get 

x» c/2 { [ 1 I (2X()/c)’j'^ ■(• I ) (2,28) 

Xc = c/2 { [ 1 + (2xo/c)"]’'"-l } (2.29) 

For larger dopant concentration, c » xo 

Xa = C 


Xc = Xo^/c 



For small dopant concentrations ( c « xo ), the concentrations x# and Xc reduce to the 
pure crystal values as expected. i.e., Xc = Xa = Xo. One can also get similar expressions 
when the crystal is doped by a divalent anion impurity like carbonate, sulphate ions 
with a concentration Ci. The charge neutrality condition can be written as 

Xc + Ci =Xa 

The values of Xa, Xc in this case will be 

Xa = Ci/2 { [ 1 + (2xo/ci/]‘^ +1 } (2.30) 

Xc = c,/2 { [ 1 + (2xo/c,)^]‘^ -1} (2.31) 

2.5. Estimation of Transport Parameter 

From equation (2.23), it can be seen that the conductivity expression 
contains the overall activation energy. The plot of log (orT) vs 1/T is linear whose 
slope yields the overall activation energy Ej. However since the variation of logT over 
the e)q3erimental range is negligible in comparison to that of logo. A plot of log a vs 
1/T is also found to be linear and it is preferred because of its simplicity. However the 
activation energy Ea obtained from this plot is slightly lower than the actual value by an 
amount equal to the thermal energy kT. 

Generally a plot of logo vs 1/T for a nominally pure ionic solid consists of 
two linear segments; a high temperature linear region which shows the intrinsic 
properties of the material and a low temperature extrinsic region characterized by a 
lower slope and hence lower activation energy. The intrinsic region relates to the 
temperature range in which the dominant defects are those which are present due to 
thermodynamic considerations. In this case Ea is the sum of half the formation energy 
and migratio n energy of defects. The extrinsic region arises because of impurities. In 
this region Ea is simply the migration energy alone. The extrinsic - intrinsic transition 



temperature is known as knee temperature and is often used as a measure of impurity 
level in the crystal. The complete conductivity curve ( log a vs 1/T ) is therefore 
generally a superposition of two linear segments corresponding to 

1) A] exp ( - El / kT ) in the low temperature, extrinsic region. 

2) A 2 exp ( -E 2 / kT ) in the high temperature, intrinsic region. 

The activation energy Ei is less than E 2 . The pre-exponential factor A 2 is independent 
on the purity of the material while Ai increases as the impurity of the specimen 
increases in the sample. 

Theory of Ionic Conduction In Mixed Crystals 
2.6 Concentration of defects in mixed crystals 

When the charge of the host and the dopant ion is the same, classical 
doping concept cannot be used to explmn the observed conductivity enhancement. 
However, in mixed crystals a semi-quantitative lattice loosening model is used to 
account for the enhanced conductivity. This was proposed by Shahi and Wagner^^ and 
has since been tested on several system in KBr - KI^, KCl - KBr^, NaBr - Nal^ , 
NaBr - LiBi^", KBr - Nal'^', KBr - NaBr^, AgBr - Agl” etc. 

The above model states that the substitution of either too large or too small 
ion generally introduces str^ in the host lattice and hence weakens the bonding and 
eventually results in the lowering of melting point of the mixed crystal. Phase diagram 
of many mixed crystal system will prove the above argument. One can observe a clear 
minimum in the phase diagram for a particular composition, suggesting the validity of 
lattice loosening model. Thus the formation enthalpy of defects corresponding to that 
composition is minimum and hence conductivity should be maximum. 




A semi quantitative expression for the concentration of point defects in 
mixed crystal can be arrived in view of the existing good empirical correlation between 
the enthalpy of formation ( ) of Schottky defects and the melting temperature ( Tm ) 

of ionic solids. According to Barr and Lidiard^, Hs and T„ are linearly related as 

HK = aTn, (2.32) 

where a is the proportionality constant and has a value of 2.14 x 10'^ eV/k. The above 
equation for mixed crystal can be written as 

H„ = aT™x (2.33) 

(H,,-H«,) = a(T™.-T„o) (2.34) 

CX AXmx 

where Eh* refers to enthalpy of formation of defects in mixed crystals and HU as that of 
the pure crystal. Similarly Tmx represents the melting temperature of mixed crystals and 
Tmo as that of the pure component. 

The expression for the concentration of Schottky defects for mixed crystals 
can be written as 

m = Axexp[-Hx/(2kT)] (2.35) 

where Ax is the pre-exponential factor. The ratio of the concentration of Schottky 
defects in the mixed crystal to that in the pure crystal is given by 

nx/no = ( Ax/Ao) exp [ -( Hx - Ho ) / ( 2kT) ] (2.36) 

From Eqn.2,34, Eqn. 2.36 becomes, 

nx/no = Ax/Ao exp [ - a AT„«/ ( 2kT ) ] (2.37) 

The concentration of defects in mixed crystal relative to that of pure component is 
ingeneral depends on ATmx of the mixed crystal, provided the ratio of the pre- 
exponential factors can be calculated. 



Ax/Ao = exp[(Sx-So)/(2k)] (2.38) 

The entropies of formation of defects in mixed crystal and in pure crystal in general 
will not be different and hence their difference is negligible. Thus AJAo can be taken as 
unity. Thus 

n^no = exp [ -a ATn„/ ( 2kT) ] 

The above equation represents the relative concentration of vacancies as a function of 
the change in the melting point (ATjnx) of the mixed crystal. Since the melting 
temperature of the mixed crystal is less than that of the pure component, AT„ is 
negative and hence predicts an enhanced concentration of defects. 

In mixed crystals, mobility of ions increases. A very good correlation 
between the enthalpy of migration of defects and the melting temperature was given by 
Barr and Lidiard^’ 


h. = pT„.-y (2.39) 

where (3 is a constant (= 0.84 x lO'"' eV/k) and also y = 0.2 eV. For mixed crystals, the 
enthalpy of migration of defects 

h„« = pT™c-Y (2.40) 


and for pure crystal 


hmo P Tmo“ Y 


hmx “ hmo “ P ( Tmx - Tmo ) 


(2.41) 


Ah..,= PAT„ (2.42) 

The ratio of mobility of cation vacancies in mixed crystal to that of the pure crystal 

|ix / Ito = exp [ -( hmx -hmo ) / ( kT )] (2.43) 

Taking the ratio of preexponential factor to be unity, from (2.42), (2.43) becomes 


Pk / Po = exp [ - P ATm/ (kT) ] 


(2 44) 



The ratio of the mobility of cation to that of anion vacancies in the mixed crystals 
remain almost the same as that in the component crystals over the entire compositional 
range Thus if the cation vacancies are more mobile, then the ionic conductivity in 
mixed crystals is related to that of the pure component by the following expression 

Ox / ao = (nx Px )/ (no Po) 

= exp [ - ( a/2 + p) ATmx / (k T) ] (2.45) 

On substituting for a,P and k= 8 6 x 10'^ eV/k, the above equation becomes, 

Ox / oo = exp ( - 22 17 X AT^x / T ) ( 2.46) 

I’he above expression is based on the lattice loosening model and the empirical 
correlations expresses the enhancement in Cx of the mixed crystals relative to that of 
the pure crystal ( ao ) as a function of the change in the melting temperature due to the 
substitution of homovalent dopants. 



CHAPTER-3 


EXPERIMENTAL DETAILS AND CHARACTERIZATION 
TECHNIQUES 


a) Experimental Details 

3,1 Sample Preparation 

Starting materials LiCl ( purity > 99% ) and NaCl ( purity > 99%) were 
obtained from Aldrich Chemicals Inc. USA 

Physical Prop erties of LiCl 

Molecular weight : 42.39 
Bravais Lattice : fee 
Density ; 2.068 g/cc 

Melting Point ; dOS^C 

Boiling Point : 1325-1360°C 

Physical Properties of NaCl 

Molecular Weight : 58.44 
Bravais Lattice : fee 


Density 
Melting Point 
Boiling Point 


; 2.165 g/cc 
; 8Q1®C 
: 1413‘^C 



The starling materials, LiCl and NaCl were kept inside a dry box containing 
to absoil) any moistuie present inside the dry box as both of them ( especially 
LiC 1 ) ate vciy hygioscopic and thus under no circumstances these were exposed to 
the atmosphere. Mixed crystals of different compositions were prepared by weighing 
appropriate amounts of LiCl and NaCl. To avoid absorption of water during weighing 
an arbitrary amount of LiCl was weighed first and accordingly the appropriate 
proportion of NaCl was calculated and weighed In this way long exposure of LiCl 
during weighing was reduced These materials were then transferred to a mortar which 
was cleaned with acetone and preheated to ~120“C and kept inside an oven. The 
mixture was ground inside the oven itself in presence of P 2 O 5 , transferred into an 
alumina crucible which was immediately shifted to a furnace preheated to ~ 200 °C. 
The temperature of the furnace was raised above the melting point of the mixture and 
after allowing five minutes for homogenization, the furnace was switched off. When 
the furnace cooled to ~ 100°C, the resolidified material was transferred in to a mortar 
and ground well inside the oven for further homogenization. A steel die was also 
preheated and a small amount of the material was transferred in to it and the die was 
wrapped in a plastic bag and then pellets were made, of diameter 1 1mm. The pellets 
were then sintered at appropriate temperatures, given in the Table 3, for sufficiently 
long time ( S: 9 hrs ) and then graphite paint electrode was applied on to the two flat 
suifaccs olThe sintered pellets and dr ied, 'flicsc pellets were then loaded in the sample 
holder and their impedances measured in the cooling cycle using 4 192 A Impedance 
Analyzer. Chromel-alumel thermocouple was used to measure the temperature of the 
sample inside the furnace. 



Table . _3 . Sintering Temperature, Sintering time and thickness of different samples 
prepared. 

Pelletization Pressure: 6 ton/cm^ 


Composition 

Sintering 

Tcinpeiature ( ‘’C ) 

Time 

( hrs ) 

Thickness Of The 

Pellet ( cm ) 

NaCl (Pure) 

700 

18 

0.280 

NaCl + 10 m/o LiCl 

629 

16 

0.264 

NaCl + 20 m/o LiCl 

583 

20 

0.440 

NaCl -1 30 m/o LiCl 

575 

13 

0.250 

NaCl + 40 m/o LiCl 

527 

24 

0.300 

NaCl + 50 m/o LiCl 

509 

17 

j 

0.414 

NaC'I t 60 m/o LiCl 

483 

11 

0.394 

NaCl + 70 m/o LiCl 

432 

16 

0.362 

NaCl + 80 m/o LiCl 

421 

20 

0.472 

NaCl + 90 m/o LiCl 

502 

20 

0.390 

LiCl (Pure) 

484 

10 

0.362 


3.2 Sampjeiloider 

Fig. 3. 1 shows the schematic diagram of the sample holder. It consists of 
three identical lava discs ( diameter ~ 2.5 cm and thickness ^ 1cm), each having a 
central hole and four symmetrically located holes near the periphery. The lava discs, 
after machining were heated slowly to 1000°C and kept at that temperature for two 
hours to harden them. A pair of stainless steel rods were passed through the two 
diametrically opposite holes to provide support to the sample holder The spring which 
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Fig.3. 1 . Sample holder for electrical conductivity measurement from 
room icmocrature to 1 000''C 


was so located that it remains outside the furnace. The spring provides a firm contact 
between the electrodes and the sample holder. The flat surfaces of the cylindrical 
pellets were polished to remove surface contamination and to obtain smooth surface. 
The pellets were carefully placed between the two silver electrodes. 

3.3 Furnace and Temperature Controller 

An electrical resistance heating furnace comprising of a muUite tube ( 
diameter —1.5 inches ) over which kanthol wire was wound uniformly has been used. 
The resistance of the heating element was - 50 ohm. A high temperature cement was 
applied over the kanthol winding to fix them in place. The muUite tube with cemented 
kanthol wiring was enveloped with a cylindrical stainless steel container and the space 
between the two shells was filled with MgO powder to minimize the heat loss. 

The temperature inside the furnace was measured using a chromel- 
alumel thermocouple. A PID type temperature controller ( Indotherm, model 40 ID) 
was used to control the furnace temperature. The temperature was controlled to within 

± l^C 

3.4 Impedance Analyzer 

Fig.3.2 shows the block diagram of the impedance analyzer. HP 4192A 
impedance analyzer along tvith HP1607A test fixture has been employed for complex 
impedance measurements. The equipment has an auto balancing bridge with a test 
signal from 5ntV to l.lV. It has a built in frequency synthesizer which has a frequency 
range 5 Hz - 13 MHz. There are two display sections namely display A and display B 
which provided direct read out of the selected measurement parameters. 




Impedance Furnace 8, Sample Temp. Microvolt 

bridge ' holder , controller DMM 



Silver lead wires Chromel - Alume I 


Thermocouple 


l‘'ig.3,2. Block diagram connections for electrical conductivity 
measurements 





3.5 X-Rav Diffi-action 


X-iay dillraction patterns of various compositions have been recorded 
using a Richeifert ( Iso-Debyeflex 2002D) counter diffractometer employing a filtered 
CuKa radiation ( = 1.542 A*’ ). The generator was operated at 30KV and 20niA. The 
scanning speed was 3 per minute in 29. All XRD patterns were recorded at room 
temperature. 

h) Characterization Techniques 
3.6 Complex Impedance Analysis 

In order to understand the various electro chemical processes occurring in 
a cell, solid electrolytes are modeled as a combination of resistance, capacitance etc. 
Since dc conductivity of the electrolyte is important from the point of view of 
applications, to obtain dc resistance, dc measurement can’t be done because of 
polarization at the electrode/electrolyte interface. 

So, complex impedance spectroscopy is a technique to separate the 
contributions from various processes such as electrode reaction at the 
electrode/electrolyte interface and the migration of charges through the grains and 
across grain boundary^. In order to extract dc resistance, ac complex impedance 
spectroscopic technique is employed, where the effect of polarization is avoided. The 
technique employs the application of small amplitude sinusoidal signal and hence the 
output signal is compared with that of the input signal to get the impedance modulus 
and the phase shift corresponding to various circuit elements. This method was first 
applied to solid electrolytes by Baurle^. 

The complex impedance Z(©) at an appUed frequent^ 


(©) can be expressed as 



Z{o)) - Zr(<(>) + jZi(a) 


(3.1) 


or 

Z(o>) - Z exp ( jO ) 

where the magnitude of the complex impedance Z = ( Zi^ + and 6 = Tan'^ ( Zi / 
Zr ) is the phase angle. Zi and Zr are the Imaginary and real parts of the impedance 
respectively. The following cases represent the basic configuration. 

1) For Pure Resistance 

Zr(co) = R,Zi(©) = 0 

Thus the plot of Zr vs Zi at various frequencies will be an invariant point. 

2) For Pure Capacitor 

Zr = 0;Zi = -1/(dC 

The complex impedance plot will give a straight line parallel to the negative Zi axis at 
Zk = 0. 

3) For a Resistance and Capacitor in Series 

Z(®) = R- j/oC 

Zr(g)) = R;Zi(©) = -1/oC 

The corresponding plot will be similar to that of case 2 at Zr = R. 

4) For Resistance and Capacitance in Parallel 

Z(©) = R ( 1 / j©C ) / [ R + 1/ 0'®C)] 

= [R / ( 1 + <d'C^R=')] + j [ - R^qC / (1 + co^C'^R^) ] 
Zr = R /( 1 + Zi = - / ( 1 + ©^C^R^) 

i.e., Zr^+Zi^ = RZr 

(Zr-R/2)^ + Zi^ = (R/2)^ 

Which is the equation of a circle of radius R/2 with its center at ( R/2,0 ) 



Figs (3.3) and (3.4) show the impedance plots for pure resistor, capacitor 
and combinations of resistor and capacitors. These plots will be obtained only when 
non-blocking electrodes are used. When blocking electrodes are used i.e., electrodes of 
different material other than the solid electrolyte additional interface capacitance come 
in to picture because of polarization. Cai represents the capacitance at the 
electrode/electrolyte interface. In this case apart from semicircle a 90® line is also 
obtained for perfectly smooth surfaces. 

For polycrystalline materials, grain boundary effect will come in to play. 
The grains in those materials will offer resistance to the flow of ions. In such a case 
one can identify another semicircle as shown in Fig.3.4. The bulk resistance in such 
cases is obtained from the intersection of the semicircle with the real axis in the high 
frequency region. If we have an increased conductivity at the grain boundaries it will 
give an apparent resistance which is lower than the bulk. 

Another effect which can be seen in some poly-crystalline samples, is the 
depression of semicircle, i.e., the center of the semi-circle will not lie on the real axis. 
Instead, it will be slightly lower than that. It has been shown that in this case a constant 
phase element connected in parallel wdth the bulk resistance will result in such a 

spectrum with a depressed semicircle^®’^\ 

The main advantages of impedance spectroscopy are the relatively simple 
electrical measurements involved and the detailed analysis of impedance data interms 
of appropriate model of the electrode-electrolyte system can provide information about 
electrode reaction, mobility etc and bulk properties of the sample. The disadvantage 
being the difficulty in unambiguously determining the equivalent circuits. 




Fig.3.3. Impedance plots for pure resistor and capacitor 



Fig, 3.4. Vaiious impedance behaviour observed in solid electrolytes 




Fig 3.5 portraits impedance plots for NaCl + 70 m/o LiCl at different 
temperatures for a range of frequencies from 1 KHz to 10 MHz. The impedance plot 
consists of I Z cos0 | along x-axis and the | Z sin0 | along y-axis. The diameter of each 
plot gives the dc resistance of the sample under study. From this the dc conductivity 
can be calculated using the following expression 

Ode = 1 /( RxA) ( cm'^ ) 

where 1 - length of the 5,ample 

R - dc resistance of the sample 
A - Area of cross section of the sample 

It can also be seen that the semicircles are depressed and the center does not lie on the 
real axis. Whwnever it was not possible to extract dc resistance from the impedance 
analysis, |Z|/cos0 was taken as resistance and used to calculate ac conductivity.Further, 
as temperature increases, the diameter of the semicircle decreases. 

3-7 X-ray Diffraction of Samples 

I’he X-ray diffraction of all compositions were taken and in Fig.3.6 the 
XRD patterns of NaCl ( pure ) to NaCl + 30 m/o LiCl mixed crystals are shown. For 
NaCl rich sample the peaks are slightly shifted their position and there are no 
additional peaks. Since the NaCl + x m/o LiCl binary system exhibits a two - phase 
mixture at room temperature except ( 20 > x > 80 ), the XRD patterns should have 
shown the peaks corresponding to LiCl as well. However, no such peaks were 
observed, although the peak positions corresponding to NaCl were slightly shifted 
because of dissolution of some LiCl in NaCl towards higher 20 values ( shrinkage of 
lattice takes place ), implied by Bragg’s relation. The absence of LiCl peaks in the 
NaCl - rich samples may be attributed to the lower concentration of LiCl as well as 



ei(kn) 



m/o LiCl sintered samples 













lower scattering power of smaller Li"" ions relative to Na"" ions. Due to hygroscopic 
nature of LiCl, the XRD patterns of LiCl - rich samples show additional peaks 
corresponding to hydrates of LiCl. Therefore for LiCl rich samples, very careful XRD 
measurements, preferably at high temperatures vwU be desirable 



CHAPTER - 4 


HcsuUs and Discussions 

I his chapter deals with the experimental results, mainly electrical 
conductivity, for the NaCl + x m/o LiCl system As pointed out earlier, the aim was 
piinuuily to examine the cfl'ect ot “wrong size” substitutions on the electrical 
conductivity and also to test the lattice loosening model. In all eleven different 
compositions of NaCI + x m/o LiCl mixed systems ( x = 0, 10, 20, 30 ,40, 50, 60, 70, 
80, 90, 100 ) were prepared and studied. The results on conductivity vs composition 
are presented followed by the conductivity vs temperature behavior. The XRD results 
arc also already presented in the preceding chapter. 

4.1 I onic conductivity vs composition 

Fig. 4.1 shows the variation of dc conductivity ( a ) as a function of 
composition ( x ) for the mixed crystals Nai.^LixCl at two different temperatures in the 
intrinsic region. It may be mentioned that NaCl - LiCl system, according to the 
available phase - diagram^^, exhibits complete solid solubility only at above ~ SH^C. 
As evident from Fig.4. 1, the a increases rapidly as the concentration of homovalent Li"” 
ions in NaCl increases and attains a maximum value of- 1.78x10'^ n‘‘cm'^ at 560°C ( 
- 6.46x10“^ fl’* cm’* at 636®C ) at x « 70 m/o LiCl which is about - 4x10^ times 
larger than that of pure NaCl. As the concentration of LiCl increases further, the a 
naturally decreases. As pointed out earUer, LiCl is very hygroscopic which affected the 
accuracy and reproducibility of the results, especially for LiCl - rich mixed crystals, 
inspite of our best efforts. 

The conductivity vs composition results ( Fig.4. 1 ) may be explained by the 
lattice loosening model*^*® which suggests that the substitution of either larger or 




Fig.4.1 .Logarithm of conductivity vs concentration of LiCI ( x ) for NaCl + 
X m/o LiCI ( X ^ 100 ) mixed crystals at 560° and 630°C 



smaller ions than the host upsets the minimum ( stable ) energy configuration of the 
host crystal and thus leads to lattice loosening resulting invariably in decrease in the 
melting temperature as well as in enthalpies of formation and migration of point 
defects. Like in most mixed crystal systems studied so far, there is a good correlation 
between the o - composition and Tm - composition ( phase - diagram) of NaCl - LiCl 
system as well. It may be noted that the NaCl + 70 m/o LiCl system which exhibits 
maximum conductivity, has the lowest melting point^^. A qualitative understanding of 
the enhancement in the conductivity can be had fi'om the following expression derived 
from the assumptions of the lattice loosemng model 

ax / 00 = exp [-(a /2 + p) AT™(x) / kX ] (4.1) 

where a and P arc constants, Gx and Oo are the conductivities of mixed crystal and the 
pure component, ATm = Tm* - T™, where Tmctuid Tmo being the melting temperatures 
of the mixed crystal and the pure component. For NaCl + x m/o LiCl mixed crystals, 
the melting temperature Tm(x), may be expressed as 

T„(x) = 826 - 7.5 X + 5.3 X 1 O' V (4.2) 

which represents the best fit equation to the experimental solidus curve in the phase 
diagram’^ shown in Fig.4.2. Combining Eqns (4.1) and (4.2) and substituting the 
numerical values of a = 2.14 x 10 '^ eV/K and p = 0.841 x 10 '^ eV/K, the expression 
for relative conductivity for NaCl + x m/o LiCl mixed ciystals becomes 

a,, / 00 = exp [ 22.17 ( 7.5 x - 0.053 x^) I T] (4.3) 
Fig.4.3 compares the experimental values of relative conductivity (ox/oo) with those 
calculated from Eq.4.3 at two different temperatures. Evidently, there is a fair 
agreement between the calculated and the theoretical values as far as the broad 
features such as the general shape of the curves and appearance of maximum around 







log (cj/ao) 



conductivities of the mixed crystals and pure salt respectively) vs . 
conceffiffation of LiCI ( x ) in NaCI at 560° and 636°C. 
Thr^Oalculated values according to the lattice loosening model 
are shown by solid lines 
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70 m/o LiCl are concerned. However, the calculated values of o^/ao are generally 
lower than the experimental values and the discrepancy between the two results is 
laigc. at lower concentrations of the LiCl. It may be pointed out here that both the ( 
relative ) conductivity and the melting point are much more sensitive to the 
concentration ( x ) ot the homovalent dopants initially ( at lower values of x ). Since 
the lattice loosening model ( Eqns.4. 1 and 4.3 ) critically depends on the melting 
temperature vs composition data, an accurate measurement of the latter is important. 

The available phase diagram data ( Eqn.4.2 ) is too old and it may be advisable to 
reinvestigate. 

Lattice loosening model can also be tested by comparing the theoretical 
and experimental values of temperature ( 'ft, “K) at which various compositions attain 
the same conductivity ( constant a ). The value of conductivity is fixed in the intrinsic 
range of conductivity vs temperature ( Fig.4.5 and 4.6 ) plots for different mixed 
crystals ( experimental value). The theoretical and experimental values of To ( °K) 
obtained for NaCl + x m/o LiCl ( 0 ^ x £ 100 ) are plotted against the concentration of 
Li(il ( X ) in Fig.4.4 for a = 10'^ and 10'^^^ O'* cm'*. The preexponential factor ( A ) is 
taken to be 10“* Q’‘ cm''. Since A varies from 10*^ to 10'^ Q'' cm'* for different mixed 
crystals and pure component the above mentioned mean value is taken. 

The theoretical value of To is obtained as follows. The conductivity of 

mixed crystals is given by 

ax=Axexp[-(H8x/2 + HMc)/kT] (4.4) 

where Ax is the preexponential factor of mixed crystal and other terms have their usual 
meaning corresponding to mixed crystals. Eqns.2.33 and 2.40 relate the formation and 





migration enthalpies to the melting point of the mixed crystals. Thus using those eqns, 
eqn 4.4 becomes 

ajA,, = exp {-(a/2 + P)T™, + r/kT} (4.5) 
since Ox is the same as that of pure components, it is denoted as cr i.e., Ox ~ Further, 
the dopant concentration do not affect the preexponential factor i.e.. Ax = A is almost 
constant^' for ail composition. 

From Eqn.4.5, we get, 

T„ = [-(a/2 + P)T„„ + y]/kln(a/A) (4.6) 
From the above expression it is evident that a variation of 10*^ or 10“ in A will not 
seriously affect since the expression contains logarithmic dependence of A. Since ot, 
P, y, a and A ( lO^'* Q'* cm"’^ ) are constant Ta depends on T^x which is obtained from 
the best fit equation for the solidus curve of Fig.4.2. Thus To should follow Tmx. 

In lMg.4.4, the experimental data corresponding to the above mentioned 
fixed conductivities are taken from the log ct vs 10^ / T studies discussed in the next 
section. The variation of To is surprisingly similar to that of Tmx. Both To vs 
composition ( x ) plots exhibit a minimum at « 70 m/o LiCl similar to that of Tmx vs 
composition ( x ) plot. 

In brief, eqn.4.6 provides yet another way to test the lattice loosening 
model ( LL model ) and the close agreement between the nature of To vs x and Tna vs 
X curves would suggest that the LL model for explaining the enhanced ionic 
conductivity in mixed crystals is quite satisfactory. 

4.2 Conductivity vs Temperature 

The variation of logo as a function of the inverse temperature for the NaCl 
+ X m/o LiCl mixed crystals is shown in Fig.4.5 ( x ^ 40 m/o ) and Fig.4.6 ( x > 70 m/o 
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F?g.4.6. Logarithm of conductivity vs temperature ( 10^/T, K'^ ) for NaCi + x 
m/o LiCl ( 705: X :S100 ) mixed crystals 




). Alkali halides normally exhibit two linear regions in logo vs 1000/T plots. Thus our 
results for pure NaCl are consistent with earlier findings. However, our results for 
pure LiCl, hence also LiCl-rich mixed crystals, exhibit three distinct regions; high 
ternperature intrinsic region as usual but two extrinsic regions which may be labeled as 
region-2 and region-3 ( lowest temperature region ). 

4.2.1 In trinsic Region 

For all compositions the logo vs 10^/T plots are found to obey the 
Arrhenius equation 

o = A exp( - Ea / kT ) (4.7) 

where A is the preexponential factor and Ea the activation energy ( eV ). From NaCl ( 
pure ) to NaCl + 70 m/o LiCl there is a clear enhancement in o, which exactly follows 
the phase diagram as the melting temperature decreases from pure NaCl to 70 m/o 
LiCl. Similarly for LiCl to LiCl + 30 m/o NaCl, there is a clear enhancement in the 
conductivity. Fig.4.7 depicts the activation energy vs composition. The activation 
energies corresponding to LiCl rich mixed crystals do not quite follow the phase 
diagram. Since the conductivity of NaCl + 70 m/o LiCl is maximum, its activation 
energy should have been minimum but the observed results ( Fig.4.7 ) exhibit a 
minimum around 40 m/o LiCl. As pointed out earlier, the measurements on LiCl-rich 
samples were far less reproducible. 

4.2.2 Rettion 2 and Regi on 3 

Fig.4.6 shows three linear regions for pure polycrystalline LiCl. The origin 
of region 2 may be related to the divalent impurities already present in LiCl. It is also 
known that the presence of CO^' ions causes large deviation in the slope of the 
extrinsic region in KI* crystal. Hence it is suspected that there may be a possibility of 



Activation energy (eV) 



m/o LiCI 

Fig.4.7. Activation energy vs concentration of LiCl ( x ) for NaCI + x m/o L 
( 0 « X ^ 1 00 ) mixed crystals 



presence of carbonate ion in LiCl. If this divalent impurity is uniformly present, then 
the slope of region-2 should decrease uniformly for increased composition of LiCl. An 
inspection ot the Table 3 will reveal that there is no uniformity in the variation of 
slopes. 

It is well known that the divalent cation/anion impurities may form an 
association with the compensating charged vacancies at lower temperatures. Such 
impurity-vacancy pairs are neutral and do not contribute to the conductivity. As a 
result the conductivity begins to decrease much faster as temperature decreases in thi.s 
so called extrinsic associated region^'‘. It may be noticed in Fig 4.5 and 4.6 that almost 
all solid solutions, except pure NaCI, exhibit three linear regions in their logo vs 10^/T 
plots. The lowest temperature region can thus be identified as extrinsic associated 
region. The interpretation of conductivity behavior in this region, for certain 
compositions, becomes more complicated because of separation of two phases, viz,, 
NaCl solid solution ( NaCl ss ) and LiCl ( ss ) which is further discussed below. 

4.2.3 Prec i pitation of second phase particles 

in Fig.4.5, it may be noticed that the NaCl + 30 m/o LiCl sample exhibits a 
strange behavior at intermediate temperatures( i.e., region - 2 ). As temperature 
decreases, the o at a certain intermediate temperatures starts increasing first before 
resuming a normal course. This unusual behavior may be attributed to the precipitation 
of second phase particles leading to composite effect^^ as also observed in KBr - Nal 
system^*. When the precipitation is complete, the conductivity decreases rapidly as 
expected. Thus the initial enhancement in a in this region is because of precipitation of 
LiCl solid solution ( LiClss ) which may be considered to be dispersed in the NaClss 
matrix. The nucleation and grain growth of the two phases viz. LiClss and NaClss 
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energy ( Ea in eV ) of NaCi + x m/o LiCl ( 0 ^ x 100 ) 


Material 

Temperature 

Preexponential 

cr at 

a at 

Activation 


range * (®C) 

factor (A) 

560°C 

636°C 

energy E, 



(H'* cm'') 

(D'' cm'') 

(Q-‘ cm'') 

(eV) 

NaCl (Pure) 

740-600 

3.98x10^ 

4.57x10'^ 

3.71x10'^ 

1.81 


580-300 




0.82 

NaCl+IOm/o 

605-505 

1 07x10^ 

1.20x10-'' 

4.57x10-'' 

1.15 

LiCl 

466-284 




0.46 


263-180 




0.98 

NaCl+20m/o 

575-500 

1.58x10^ 

6.3x10-* 

2.14x10-^ 

1.06 

LiCl 

470-345 




0.57 


303-187 




0.82 

NaCl+30m/o 

540-420 

0 98x10^ 

1.1x10'^ 

3.63x10'* 

0.98 

LiCl 

380-275 






250-145 




0.82 

NaCH-40m/o 

500-420 

0.81x10^ 

2.2x10'^ 

6.46x10'* 

0.92 

LiCl 

380-335 






315-190 




1.05 

NaCl+50m/o 

520-395 

1.35x10* 

4.57x10-^ 

1.59x10'^ 

1.07 

LiCl 

360-285 




0.53 


240-165 



• 

0.85 

NaCH60m/o 

490-425 

3.89x10* 

1.15x10'^ 

3.98x10'^ 

1.08 

LiCl 

410-360 




0.58 


325-180 




0.88 

NaCl 1 70m/o 

500-430 

8.13x10'' 

1.78x10'^ 

6.46x10'^ 

1.10 

LiCl 

390-345 




0.36 


295-175 




0.98 

NaCH80m/o 

490-430 




1.12 



5.89x10^ 

1.00x10'^ 

3.63x10'^ 


LiCl 

385-290 




0.64 


265-195 




0.94 

NaClt90ni/o 

495-430 




1.28 



5.25x10* 

9.55x10'^ 

4.27x10 


LiCl 

405-265 




0.21 


225-165 




0,59 

LiCl 

550-415 




1.21 • 

(Pure) 

365-295 

1.17x10* 

5.75x10'^ 

2.29x10''* 

0.31 


260-173 




0.93 


Luu liAiinMi 


ar^. 


* logo vs 10^/T plots, for the mixed crystals, consist of three distinct regions. The 
intermediate and low temperature regions are referred to as region- 2 and region- 3 in 
the text. 




from the parent phase helps one to understand this phenomenon. It should be pointed 
out that at any temperature T < Tc, the rate and growth of phase separation will be 
proportional to the 

1) Temperature difference ( Te - T ) where Te is the equilibrium 
temperature at which the three phases LiClss, NaClss and LiCl ( NaCl ) + x xa/o NaCl 
( LiCl ) coexist. It is ~ 419°C for 30 m/o LiCl. The conductivity is maximum at 356°C 
for the same composition. 

2) The diffusion coefficient D of the ions in the parent phase. D oc exp ( - G 
/ kT), where G is the free energy of difiiision. As the temperature decreases, ( Te - T ) 
increases and hence the rate of phase separation will increase. However, on decreasing 
the temperature, the diffusion coefficient ( D ) affects the rate of phase separation. A 
state appears for which any increase in Te - T will cause D to become dominant and 
the conductivity falls down i.e., any further phase separation is hampered, 

4.3 Conclusions 

The substitution of homovalent ( ) ions in NaCl enhances the 

conductivity considerably; the conductivity of NaCl + 70 m/o LiCl is approximately 4 
X 10^ times higher than that of pure NaCl at 560®C. The mismatch between the sizes of 
the dopant and the host ions obviously plays a donunant role in the enhancement of 
conductivity. The lattice loosening model explains satisfactorily the conductivity 
enhancement in the intrinsic region for all compositions of the present system but it 
may be desirable to determine Tm vs x more accurately. The enhancement in the 
conductivity of the two phase mixture at the lower temperatures suggests the 
possibility of dispersion less composite solid electrolytes. 
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